A B S T R A C T Heme synthase (ferrochelatase) activity, as determined by the chelation of ferrous iron to protoporphyrin or deuteroporphyrin, is reduced to 10-25% of normal in tissues of patients with protoporphyria. With cultured skin fibroblasts from seven patients with protoporphyria and six normal individuals, the present studies examined the enzymatic defect.
pathway. In protoporphyria, protoporphyrin accumulates because of a deficiency in the activity of heme synthase (ferrochelatase), the intramitochondrial enzyme that catalyzes the chelation of ferrous iron to protoporphyrin to form heme. The enzymatic defect has been demonstrated in several tissues from patients with protoporphyria, including liver (1) , bone marrow cells (2, 3) , peripheral blood cells (4, 5) , and cultured skin fibroblasts (1, 6) . Deficient heme synthase activity has also been demonstrated in cultured skin fibroblasts from one parent in each of three families in which the children have protoporphyria (7), consistent with the autosomal dominant mode of inheritance that has been postulated for the disease (8) .
With the exception of protoporphyria, the residual enzymatic activity in carriers of the genetic defect in the autosomal dominant porphyrias is -50% of normal. This is compatible with a structural gene defect in which the mutant allele codes for synthesis of a protein that has minimal activity, although a recent study has suggested there may be a regulatory gene defect in acute intermittent porphyria (9) . Residual heme synthase activity in protoporphyria is only 10-25% of normal, irrespective of the type of tissue studied, raising other possibilities that may explain the enzymatic abnormality: (a) There is a marked reduction in catalytic protein because of either decreased synthesis of normal enzyme (a regulatory gene defect) or accelerated degradation. (b) Protoporphyria cells contain an inhibitor of enzymatic activity, or lack an activator that is present in normal cells. (c) The major portion of heme synthase in protoporphyria cells is structurally different from that in normal cells. This might occur because the enzyme is packaged in the mitochondria in a manner that alters the catalytic site, or because the protein itself is different.
Heme synthase activity in protoporphyria tissue has not been sufficiently compared with that in normal tissue to indicate which of these possibilities is most likely. The present study used cultured skin fibroblasts from normal individuals and patients with protoporphyria as a source of heme synthase, and several features of the enzymatic activity were examined.
METHODS
Fibroblast culture and preparation. Fibroblast cultures were initiated from the skin of six normal individuals and seven patients in whom the diagnosis of protoporphyria was made on the basis of lifelong photosensitivity, a family history of the disease, and elevated erythrocyte protoporphyrin concentrations (range was 272-1,428 ,ug/100 ml of cells; normal is <30 in this laboratory).
For measuring enzyme activities and other parameters of mitochondrial function, cells in the 5th-20th passages were cultured in 690 cm2 roller bottles (Bellco Glass, Inc., Vineland, N. J.) with Eagle's minimum essential medium supplemented with 1% nonessential amino acids, 100 isg/ml kanamycin (MEM)', and 10% fetal calf serum (Flow Laboratories, Inc., Rockville, Md.). The cells were harvested at confluence (7) (8) (9) (10) Subcellular fractions of the fibroblasts were prepared by hypotonic lysis and differential centrifugation (10) . The rinsed cell pellet was suspended in 0.01 M Tris Cl, pH 7.4, 0.01 M KC1, 0.15 mM MgCl, at a 1:10 (wtlvol) ratio and allowed to swell for 45 min at 0°C with constant stirring. Sucrose (2.5 M) was then added to give a concentration of 0.25 M, and the cell suspension was forced through a 27-gauge needle 20 times to yield a cell homogenate. The homogenate was centrifuged at 700 g for 10 min to yield pellet 1. The supernatant was centrifuged for 10 min at 10,000 g to yield pellet 2. Both pellets and the 10,000 g supernatant were retained for assay of heme synthase activity. The two pellets were suspended in 0. 25 (12) . Heme synthase activity was measured indirectly in intact cells in monolayer culture from the difference in the amount of protoporphyrin that accumulated in the absence of added Fe++, vs. that in the presence of 25 ,uM Fe++, when the medium was supplemented with ALA. Protoporphyrin is the only porphyrin that accumulates in cultured skin fibroblasts when the medium is supplemented with ALA (6). In the absence of added Fe++, protoporphyrin accumulates to a similar degree in both normal and protoporphyria cells because heme synthase is essentially inactive (6) . When the medium is supplemented with Fe++, protoporphyrin accumulation is reduced in both cell lines, although much less so in protoporphyria lines, because protoporphyrin is used for heme synthesis (6) . The difference in protoporphyrin accumulation thus provides an indirect measurement of heme synthase activity.
Other methods. Succinic dehydrogenase activity was measured by the formation of formazan (13) in sonicates of cells that were suspended in 0.25 M sucrose-0.05 M Tris Cl, pH 7.5.
Cytochrome oxidase levels were measured by difference spectroscopy in intact cells which were suspended in 0.15 M KCI-0.05 M Tris Cl, pH 7.4 (14) . Glycerol (20%) was added to retard centrifugation of the cells, and the hemoprotein difference spectra were examined with an Amino-Chance split beam spectrophotometer (American Instrument Co., Travenol Laboratories, Silver Spring, Md.) (15) .
Respiratory metabolism of intact cells was determined after suspending the cells in solution containing 0.20 M sucrose, 1 mM EDTA, 5 mM MgCl2, 10 mM KCI, 12 mM phosphate, and 50 mM Tris Cl, pH 7.5 (16). 1 ml of cell suspension that contained 3.7-6.1 mg of protein was used in each assay. Oxygen uptake was determined polarigraphically with the Clark oxygen electrode (Yellow Springs Instrument Co., Yellow Springs, Ohio). The suspension was incubated at 300C in a glass cuvette fitted with a magnetic stirrer. Additions to the cell suspension were made in volumes of 50 ,ul or less.
Ultrastructural features of the cultured fibroblasts were examined with a Zeiss 9S2 electron microscope (Carl Zeiss, Inc., New York). Cells in the 6th-12th passages were cultured to confluence in wells of FB-6-TC plates. They were then fixed and processed as a suspension (17) .
Protein concentrations were determined by the method of Lowry et al. (18) , with crystalline bovine serum albumin as a standard. The measurements were made on aliquots of the cell suspensions, which had been harvested from roller bottles, and on digests of cells made in the wells of FB-6-TC plates with 0.05 N NaOH.
Data from normal cell lines were compared with those from protoporphyria lines with the Student's t test.
RESULTS
Heme synthase activity in sonicates of protoporphyria fibroblasts that had been treated with Tween 20 was 35±4 pmol deuteroheme/mg protein per h, mean+SEM for seven lines, when assayed on multiple occasions in the presence of 25 ,uM deuteroporphyrin and 25 ,uM Fe++ (Fig. 1) . This was markedly deficient compared to that in normal lines (159+ 11, mean+SEM for six lines).
Heme synthase activity in detergent-treated sonicates of normal andf protoporphyria fibroblasts had the same pH optimum (7.5-7.7), as determined by measuring the pH of the complete assay mixture at room temperature. The activity was inhibited by divalent metals (Fig. 2) . Most notable was the effect of 25 ,M copper, which produced nearly complete inhibition. This occurred whether copper was added in the form of copper sulfate or copper chloride.
When harvested fibroblasts were subjected to hypotonic lysis and differential centrifugation, heme synthase had the highest specific activity in the 10,000 g pellet of both normal and protoporphyria lines (Fig.  3) . The specific activity of succinic dehydrogenase in this subcellular fraction showed a similar percentage of increase over that in the whole cell sonicate, indicating the fraction was enriched with mitochondria. Of the total heme synthase activity in the cells, 71+7% (mean+SEM) was recovered in the 10 ,00 g pellet of normal lines, vs. 69±10% in protoporphyria lines; 94±2% was recovered in the combination of pellets from normal lines, vs. 88±6% in protoporphyria lines (P > 0.3).
Other biochemical parameters of mitochondria were indistinguishable in normal and protoporphyria cells (Table I ). The ultrastructural features ofprotoporphyria fibroblasts also could not be distinguished from those of normal cells. In particular, the mitochondria were well formed, and their inner mitochondrial membranes appeared normal.
Respiratory metabolism was studied in three normal and three protoporphyria lines by adding inhibitors and substrates of the mitochondrial respiratory chain to suspensions of intact cells during the measurement of oxygen consumption (Fig. 4) . Rotenone (10 ,M), which is a potent inhibitor of mitochondrial NADH oxidation, depressed oxygen consumption in both normal and protoporphyria cells. This effect was circumvented by the addition of 10 mM succinate, which transfers electrons to the mitochondrial respiratory chain by way of a different flavoprotein (succinic dehydrogenase). The mM malonate, which inhibits succinic dehydrogenase, again depressed oxygen consumption.
Kinetics of heme synthase were examined in cell sonicates that had been treated with Tween 20 by varying the concentration of one of the cosubstrates from 5 to 25 ,M, while maintaining the concentration of the other cosubstrate at 25 ,uM. LineweaverBurk plots showed a linear relationship between the reciprocal of the rate of deuteroheme formation and the reciprocal ofsubstrate concentration over this range (Fig. 5) . Concentrations higher than 25 ,M were not Studies with the 10,000 g pellet from fibroblasts that had been fractionated by hypotonic lysis and differential centrifugation gave results similar to those with whole cell sonicates.
To provide additional information about the kinetic properties of heme synthase in protoporphyria cells, the enzymatic activity was assayed indirectly in intact cells by comparing the amount of protoporphyrin that accumulated in the presence of 25 , uM Fe++, vs. that in the absence of Fe++. The difference was taken as the amount of protoporphyrin used in the formation of heme. At low rates of protoporphyrin formation, protoporphyria cells used protoporphyrin in a normal manner (Fig. 6) . However, the maximal rate of use was reached at a much lower rate of protoporphyrin formation than in the normal cells. the rate of protoporphyrin formation that caused heme production to proceed at a half-maximal rate was significantly lower in protoporphyria cells than in normal cells. Six studies were done in which combinations of sonicates of normal and protoporphyria fibroblasts were used in the same assay. The observed level of heme synthase activity was less than that predicted if the same catalytically active enzyme were being mixed (Table III) . When equal amounts of cellular protein from normal and protoporphyria lines were mixed, the ratio of observed to predicted activity was 0.83+0.09 (mean±+SEM) for the six studies (P < 0.05). 
DISCUSSION
In this study, cultured skin fibroblasts were used to compare properties ofnormal heme synthase activity with the defective activity in protoporphyria. Cultured skin fibroblasts have the advantage of being a homogenous population of cells. Bone marrow and peripheral blood contain a heterogenous population of cells with different levels of heme synthase activity (19) , making such comparisons difficult. Heme synthase activity in detergent-treated sonicates of protoporphyria fibroblasts had the same pH optimum as normal activity and was inhibited similarly by divalent metals. In particular, the addition of (Fig. 2) . Previous studies had demonstrated that divalent metals inhibit heme synthase activity in rat liver mitochondria (20, 21) . The simplest explanation is that divalent metals compete with ferrous iron for chelation to porphyrin. Depending on the method oftissue preparation and assay, copper had either an inhibitory or stimulatory effect, however (20, 21) . Copper restored the effectiveness of glutathione as a reducing agent in promoting heme synthesis in rat liver mitochondria that had been solubilized with detergent and dialyzed (21) . It stimulated heme synthase that had been partially purified from bacteria (22) . Heme synthase activity was localized to the same subcellular fraction of normal and protoporphyria fibroblasts. Because the enzyme is known to be attached to the inner mitochondrial membrane of mammalian cells (23, 24) , it was expected that the highest specific activity would be in the mitochondrialenriched fraction from normal cells (Fig. 3) (Table III) . In this situation, the activity measured in mixtures of normal and protoporphyria sonicates should have exceeded the sum of the individual activities, whereas it was always less. Although the result is compatible with the presence of an inhibitor in protoporphyria cells, the kinetic data favor another possibility. They suggest that enzymes with different catalytic properties were being mixed. In this situation, the activity that resulted was apparently not additive. Kinetic studies confirmed that the catalytic activity ofheme synthase in protoporphyria cells was markedly reduced. In addition, they indicated that the apparent Michaelis constant for porphyrin substrate was different (Table II) . Of particular note, the apparent Km for deuteroporphyrin was reduced, not increased as might be expected. In the rapid equilibrium model of enzyme kinetics, the constant Km is equivalent to the dissociation constant for the enzyme-substrate complex, and the rate-limiting step is the conversion of the enzymesubstrate complex to product and free enzyme (12) . Thus the kinetic data suggest that heme synthase in protoporphyria sonicates has an increased affinity for porphyrin cosubstrate, but there is a decreased rate of conversion of the enzyme-porphyrin complex to heme and free enzyme. This is not without precedent, inasmuch as several variants of glucose-6-phosphate dehydrogenase have been described in which reduced erythrocyte activity is accompanied by a reduced Km for glucose-6-phosphate (25) .
At low rates of protoporphyrin formation, protoporphyrin was used in a normal manner by intact protoporphyrin cells (Fig. 6) . However, as the rate of protoporphyrin formation increased, its rate of use became saturated much sooner than in normal cells. Although the data cannot be strictly analyzed by Michaelis-Menten analysis, they support the premise that the catalytic activity of heme synthase is markedly reduced in protoporphyria cells despite an increased affinity for porphyrin.
Because genetic disorders are generally believed to occur as a result of alterations in the amounts or structures of specific proteins, one interpretation of these data is that the enzyme protein responsible for heme synthase activity is structurally changed in protoporphyria cells. However, the data do not exclude the possibility that the microenvironment of the enzyme protein is altered. Even though determinations of the Michaelis constant for porphyrin were made with detergent-treated sonicates, it is conceivable that lipids may have remained attached to the enzyme protein. Indeed, several studies have indicated that heme synthase activity may require specific lipids (26) (27) (28) , and it is conceivable that the lipid environment of the enzyme is abnormal in the mitochondria of protoporphyria cells.
Further clarification of the enzymatic abnormality in protoporphyria requires purification of heme synthase so that kinetic properties of the unconstrained protein can be examined in the presence and absence of specific lipids, and so that the amount of immunologically reactive protein can be quantitated. This should provide definitive evidence as to how the enzyme in tissues of patients with this dominant disease is different than that in normal tissues.
